We report on single crystal growth and crystallographic parameters results of Ce 2 PdIn 8 , Ce 3 PdIn 11, Ce 2 PtIn 8 and Ce 3 PtIn 11 . The Pt-systems Ce 2 PtIn 8 and Ce 3 PtIn 11 are synthesized for the first time. All these compounds are member of the Ce n T m In 3n+2m (n = 1, 2,..; m = 1, 2,.. and T = transition metal) to which the extensively studied heavy fermion superconductor CeCoIn 5 belongs. Single crystals have been grown by In self-flux method. Differential scanning calorimetry studies were used to derive optimal growth conditions. Evidently, the maximum growth conditions for these materials should not exceed 750 °C. Single crystal x-ray data show that Ce 2 TIn 8 compounds crystallize in the tetragonal Ho 2 CoGa 8 phase (space group P4/mmm) with lattice parameters a =4.6898(3) Å and c =12. 
Introduction
The series of compounds with the chemical formula Ce n T m In 3n+2m (n = 1, 2; m = 1 and T = Co, Rh, Ir) have become an intensively investigated group of heavy fermion (HF) materials in which superconductivity and magnetic ordering coexist in a broad range of the temperature-pressure phase diagram [1] . The general formula Ce n T m In 3n+2m reflects the tetragonal crystal structures built of n blocks of CeIn 3 and m blocks of TIn 2 stacking along the c-axis. For instance, in CeTIn 5 , each CeIn 3 layer is separated by one TIn 2 layer. This configuration leads to a 2D character of the Ce sublattice. Another example is Ce 2 TIn 8 . Here two CeIn 3 layers are separated by one TIn 2 layer, and the structure dimensionality partially evolves from 2D to 3D [1, 2, 3] . Recently, new structures and compounds, like CePt 2 In 7 [4] , Ce 2 PdIn 8 [5, 6] , Ce 5 Pd 2 In 19 and Ce 3 PdIn 11 [7] with T = Pd or Pt have been discovered and subjected to studies of their crystal structure and physical properties. In conjunction with the already known Ce n T m In 3n+2m compounds, they significantly enrich the spectrum of dimensionality evolution from 2D-like to 3D systems. Besides varying pressure [8] and substitution doping [9] , structural dimensionality represents another parameter suitable for tuning the quantum critical point in the Ce n T m In 3n+2m compounds, spanning from more 2D-like CeTIn 5 (or even CePt 2 In 7 ) to more 3D-like Ce 3 PdIn 11 and Ce 3 PtIn 11 structures [2, 7, 10, 11] .
Solution growth technique has been proven suitable for obtaining phase pure and of excellent quality single crystals of the Ce n TIn 3n+2 (n =1, 2, T = Co, Rh, Ir) systems [1, 2, 3, 8] . However, the situation in the new, Pd-and Pt-based compounds is different. Already the growth of bulk Ce 2 PdIn 8 single crystals has been found to be difficult; the phase was mostly acquired as a very thin layer (50 -100 μm) growing on top of CeIn 3 single crystals [13, 14] . Single phase samples could only be successfully obtained by careful mechanical separation of the two phases [14, 15] .
Recently two new phases in the Ce n Pd m In 3n+2m line were discovered. These two phases, Ce 3 PdIn 11 and Ce 5 Pd 2 In 19 were obtained in polycrystalline form after annealing the melt at 600 °C [7] together with the already known compound Ce 2 PdIn 8 . By recalling previous studies of isothermal sections of the Ce-Pd-In system performed at 500 °C [5] , 600 °C [7] and 750 °C [16] which showed that the Ce 2 PdIn 8 compound exists only in the lower two temperatures, it can be inferred that these more complex structures are unstable at temperatures above ~ 750 °C.
In this article, we report on single crystal growth of new phases Ce 2 PtIn 8 and Ce 3 PtIn 11 [10] , and on recently reported compounds Ce 3 PdIn 11 [7, 10] and Ce 2 PdIn 8 [5, 6] . The temperature ranges for the crystal growth have been optimized based on results of experiments utilizing differential scanning calorimetry (DSC). Detailed structure characterization of the prepared single crystals will be presented.
Experimental
Single crystalline samples were grown by self-flux method [14] . Appropriate starting compositions of high purity elements (Ce 99.9 % further purified by solid state electrotransport [17] , Pd 99.995 %, Pt 99.995 %, In 99.999 %) with total weight of 5 g were placed in alumina crucibles. Another crucible, filled with quartz wool was placed on top of it. The quartz wool acted as a filter to separate the solid crystals from the remaining flux when decanting directly after the growth process. The single crystals were grown from starting compositions and in the temperature ranges listed in Table 1 .
Differential thermal analysis (DTA) has proven to be very helpful tool for determining the growth conditions for solution growth method of single crystals [18] . We performed differential scanning calorimetry (DSC) and DTA study of Ce-Pd-In system utilizing a SETSYS Evolution 24 instrument (SETARAM Instrumentation). Standard alumina crucibles with diameter 0.5 cm and height 0.8 cm were used; the total mass of each sample was ~ 100 mg. The temperature dependence of the heat flow was measured in He atmosphere and the heating/cooling rate was 10 K/min. The transition temperatures were determined as onset of the observed peaks. Ce-Pd-In systems were heated up to various temperatures between 350 o C and 1000 o C. In all performed experiments, we focused on the first thermal cycle starting with pure elements in molar ratio 2:1:25. After each thermal process, the products were carefully analyzed by microprobe analysis. The single crystals grown during the DSC experiment were very small. Hence, we omitted further investigation techniques such as single crystal diffraction or microprobe analysis of polished crystals in order to disclose inclusions of other phases.
Except the microprobe analysis, the interpretation of the data was based also on the knowledge of Ce-In and Pd-In binary phase diagrams [19, 20] . Some events in the studied CePd-In system were ascribed to formation of binary phases and to confirm that, DTA measurements of Ce-In and Pd-In binary systems with the same Ce:In and Pd:In molar ratios as in the Ce-Pd-In systems were performed.
Microprobe analysis was realized using Scanning Electron Microscope (SEM) Tescan Mira LMH equipped with the energy dispersive x-ray detector (EDX) Bruker AXS. We used a point analysis and elemental mapping option. As discussed previously [13, 14] is close to the resolution limit of 1-2 % (absolute). The final phase identification was done by single crystal x-ray diffraction.
The single crystal diffraction on selected samples was performed using x-ray diffractometer Gemini, equipped with Mo lamp with graphite monochromator and MoEnhance collimator producing Mo Kα radiation, and CCD detector Atlas. The samples exhibited diffraction patterns with rather long reflection profiles due to large mosaicity. Nevertheless they could be easily solved and refined due to the simplicity of their structure. We used programs Superflip [21] for structure solution and Jana2006 [22] for structure refinement based on F 2 . Very important for obtaining reliable results was the absorption correction based on the crystal shape in combination with the empirical correction based on spherical harmonic functions. Both corrections were done by the data processing software CrysAlis [23] .
Specific heat (T > 0.45 K) was measured by a hybrid adiabatic relaxation method using a Quantum Design PPMS 9 T equipped with the Helium-3 system.
Results and discussion

Differential scanning calorimetry and crystal growth
The binary Ce-In and Pd-In systems in molar composition 2:25 and 1:25, respectively, were studied by DTA up to temperature of 1000 o C. In Fig. 1a the first thermal cycle for the Ce-In system is shown. First, the heating shows an endothermic peak at ~156 o C in agreement with the melting point of indium. The next peak with onset at ~270 o C is related to the highly exothermic reaction of Ce with In leading to formation of mostly solid Ce-In binary compounds. These compounds decompose in a broad temperature range around ~ 900°C [19] , which manifest in a broad endothermic bump between 800-950 °C. Upon cooling, a peak with onset at 900 o C is observed. The peak position is in agreement with the liquidus line reported for Ce-In binary diagram [19] and marks the solidification of CeIn 3 ; no other events were observed down to solidification temperature of indium. In Fig. 1b , the Pd-In binary system is shown. After the melting of indium, a broad exothermic bump with a maximum around 580 o C was found representing the formation of Pd-In binary phases. The cooling curve shows a sharp peak at 460 o C which, consistently with the Pd-In phase diagram [20] , indicates the solidification of Pd 3 In 7 . No other events occur down to solidification of indium.
The ternary Ce-Pd-In system with Ce:Pd:In molar ratio 2:1:25 was studied by DSC up to various temperatures. In Fig. 2a , a heating and cooling cycle up to 750 o C is shown. The heating branch of the temperature dependence of the heat flow shows first the consumption of heat during melting of In. It is succeeded by an exothermic event at ~280 o C, which indicates the formation of the Ce-In binary compounds similar to the Ce-In binary system (Fig. 1a) . It is followed by broad bump with maximum at ~600 o C. There reactions of the Ce-In system with Pd take place. Upon cooling, an exothermic event at ~550 o C is observed which we ascribe to the formation of Ce 2 PdIn 8 and Ce 3 PdIn 11 ternary phases. Microprobe analysis of the products confirmed the creation of these compounds and only spurious presence of CeIn 3 in the batch after this DSC treatment. Fig. 3a shows the elemental mapping of a selected area of the sample subjected to this DSC experiment. The marked Ce 2 PdIn 8 compound was identified by microprobe analysis. In Fig. 2b , the DSC analysis of the Ce-Pd-In system performed up to 1000 o C is depicted. This experiment simulates some of the previous Ce 2 PdIn 8 single crystal growth experiments [6, 13] and sheds light on the thermal stability of the ternary compounds. Up to 750 o C, the heating curve reproduces the previous experiments (Fig. 2a) . When heating further up to the maximum temperature of 1000 o C, a broad endothermic event around 900 o C is detected. It is related to decomposition of phases formed at lower temperatures. Upon cooling, an exothermic peak at ~900 o C is observed. Consistently with Fig. 1a Based on the results from the DSC analysis, the single crystal growth was realized at temperatures below 750 °C. Because the kinetics of the single crystal growth process cannot be fully reproduced by the DCS (with a cooling rate two orders of magnitude faster), several growth attempts were performed in order to tune the yield of the desired phases. The range of the growth temperatures and starting composition together with the main growth products are summarized in Table 1 . The cooling rate during the growth was 1-3°C/h. Decreasing the temperature below 750 °C suppressed the formation of CeIn 3 significantly; single crystals of of Ce 2 PdIn 8 and Ce 3 PdIn 11 were found to be the majority products. The Ce 3 PdIn 11 crystals were almost an order of magnitude larger (up to 7 mg) and seem to grow at higher temperatures than Ce 2 PdIn 8 ; decanting the flux at higher temperatures led to better phase homogeneity of Ce 3 Fig. 3b . Ce 2 PtIn 8 single-phase crystals with dimensions < 0.2 mm were isolated after a long inspection of the growth products by microprobe and single crystal x-ray analysis. Tables 2-4 were obtained on samples from these batches. ‡ Samples from these batches were used for the specific heat measurements. † A sample from this batch is shown in Fig. 2b .
We have tested the growth conditions for CePt 2 In 7 single crystals reported in Ref. [11] . Starting from the molar composition 1:2:30 and the growth temperature range 1000-400 °C, single crystals of CePt 2 In 7 were obtained. However, more than 50% of the analysed crystals from the batches were CeIn 3 or Ce 3 Pt 4 In 13 [25] . Lowering the growth temperature suppressed the CeIn 3 formation but did not significantly influence the CePt 2 In 7 :Ce 3 Pt 4 In 13 yield ratio. Therefore, also in this case a careful analysis of the crystals is necessary prior to further studies.
Single crystal x-ray diffraction
Selected samples of Ce 2 PdIn 8 , Ce 3 PdIn 11 , Ce 2 PtIn 8 and Ce 3 PtIn 11 were subject to single crystal x-ray diffraction. Results on Ce 2 PdIn 8 were in agreement with previous studies [7, 14] and are a = 4.6881(4) Å, c = 12.2031(8) Å. The Ce 3 PdIn 11 structure investigation has been reported only very recently and because it was performed on single crystals isolated from polycrystalline samples [7] , we include the analysis of this compound for comparison. The structure parameters of Ce 3 PdIn 11 obtained from our study are in agreement with the reported ones. The new phases Ce 2 PtIn 8 and Ce 3 PtIn 11 crystallize in the Ho 2 CoGa 8 -and Ce 3 PdIn 11 -type structures, respectively [7, 26] . The structural parameters of Ce 3 PdIn 11 , Ce 2 PtIn 8 and Ce 3 PtIn 11 are presented in Table 2 and 3; the interatomic distances are shown in Table 4 . The data were obtained from samples selected from the growth-batches marked in Table 1 by an asterisk. Fig. 4 ), indicating the onset of magnetic order and an order-to-order transition into the final low-temperature magnetic structure, respectively. Compared to results on polycrystalline Ce 3 PdIn 11 [27] , the peaks are sharper and shifted to higher temperatures. The specific heat of the Ce 3 PtIn 11 sample reveals similar character to its Pd counterpart with magnetic transitions at T 1 ~ 2.2 K and later at T N ~ 2.0 K.
Since the attempts to synthesize lanthanum counterparts has not been successful so far, we determine the magnitude for the phonon contribution from a C/T = γ + βT 2 fit to the data (fit interval: 6 K < T < 11 K). 
Conclusions
Single crystals of the Ce 3 PdIn 11 , Ce 3 PtIn 11 and Ce 2 PtIn 8 compounds have been grown for the first time. Single crystal x-ray diffraction confirmed that the crystal structure of Ce 3 PdIn 11 is in agreement with Ref. [7] . Specific heat data on Ce 3 PdIn 11 and Ce 3 PtIn 11 show a double peak structure pointing at a complex magnetic structure below 1.7 K and 2.2 K, respectively. The enhanced Sommerfeld coefficients support the heavy fermion character of both compounds. Further details of magnetic, transport and thermal properties of the compounds is a subject of intensive studies and will be published elsewhere [10] .
